The placenta is essential for successful pregnancy outcome. Inadequate placenta development leads to poor placental perfusion and placental insufficiency, responsible for one third of antenatal stillbirths. Current imaging modalities provide poor clinical assessment of placental perfusion and pregnancy outcome. In this work we propose a technique to estimate the vascular properties of retro-placenta myometrial and placental perfusion. The fetal blood saturation is a relative unknown, thus we describe a method to simultaneously estimate the fetal blood volume in addition to the fetal blood T2 relaxation time from which we can estimate this parameter. This information may prove useful for predicting if and when a placenta will fail, and thus when a small baby must be delivered to have the best neurological outcome. We report differences in vascular compartments and saturation values observed between 5 normal pregnancies, and two complicated by placental insufficiency.
Introduction
The placenta is a unique organ, being perfused simultaneously by two or more individuals. Assessing placental perfusion is key to understanding and diagnosing placental insufficiency (PI), which is a significant cause of morbidity and mortality, accounting for one third of antenatal, and one quarter of intrapartum stillbirths in high income countries [1] . PI occurs when the maternal spiral arteries fail to remodel normally in early pregnancy. This leads to inadequate maternal perfusion of the placenta, the fetus becomes hypoxic affecting cognitive development and if not delivered prematurely may ultimately die.
Evaluating placental function using magnetic resonance imaging (MRI) is a growing research area [2] [3] [4] . Several MRI modalities have been investigated to monitor placental blood flow and function, each with their own advantages and disadvantages [4] . Diffusion weighted imaging (DWI) is becoming increasingly widespread in abdominal and placental imaging. When combined with the intravoxel incoherent motion model (IVIM [5] ) of blood flow in capillaries, it provides a non-invasive method of measuring tissue properties relating to flow and perfusion. T2 relaxometry, made possible by the acquisition of images with variable echo-time, provides additional information on the static tissue composition, and T2 relaxation times have been shown to be significantly shorter in placenta insufficiency [3] . Both techniques have been proposed for placental imaging [2, 3] but how best to measure the microstructural and microvascular properties of placental tissue remains an open question. The retro-placental myometrium is the closest tissue to the placenta from which to estimate maternal perfusion and blood relaxation time without the influence of signal from fetal perfusion, which may also give interesting information on the pathophysiology of PI. We also explore the theory that fitting fetal blood T2 will allow us to estimate fetal blood saturation, and that this may be a valuable measurement of placental function.
Methods
Data The study was approved by the local research ethics committee and all participants gave written informed consent. Five women in mid-pregnancy (between 28+4 to 34+0 gestational weeks) with normal pregnancies, and two complicated by placental insufficiency (25+0 and 27+2 gestational weeks) were included. Obstetric ultrasound confirmed normal fetal growth (>10th centile) and Dopplers in the control group. Ultrasound in the PI group showed estimated fetal weight <1st centile, and abnormal fetal umbilical artery Doppler.
Imaging was performed on 1.5T Siemens Avanto, at 7 b-values (b) (0, 50, 100, 150, 200, 400, 600s.mm −2 ) and ten echo times (t) (81, 90, 96, 120, 150, 180, 210, 240, 270, 300ms). All echo times were acquired at b-value 0, to allow T2 fitting, and all b-values at t=96ms. In addition, data was acquired at b-value 50, 200 for t=(81, 90, 120, 150, 180, 210, 240)ms. Voxel resolution was 1.9x1.9x6mm. To minimise the effect of motion we first used an open-source non-rigid registration routine to align all images. Masks were then drawn manually within the tissue bounadry for the placenta and retro-placental myometrium in multiple slices.
DECIDE -multi-compartment placenta modelling The Diffusion-rElaxation
Combined Imaging for Detailed Placental Evaluation (DECIDE) model is a multi-compartment model of placental perfusion that combines T2 relaxometry and diffusion weighted imaging [6] . Intercapillary fetal blood has high pseudodiffusivity, d * , and long T2 relaxation time, T f b 2 = 1/r f b 2 and volume fraction f . Maternal blood with volume fraction ν, is in the intervillous space, as opposed to intravascular, and therefore has lower diffusivity d, and slow relaxation r mb 2 . Finally, the remaining signal from the tissue has low diffusivity d, and rapid relaxation, r t 2 , associated with dense tissue.
Extending the DECIDE model to fit T2 relaxation times Estimating T2 relaxation values from the literature as in [6] may add bias to the model, as both maternal and fetal blood characteristics are different from the normal, healthy adult. It is normal for pregnant women to have a physiological anaemia, and therefore reduced haematocrit. This may affect the T2 relaxation time of blood, which is known to be sensitive to haematocrit and oxygen saturation [7] . We adapt the DECIDE model [6] to compare typical T2 values of the maternal and fetal blood [7] . Fetal blood has higher hematocrit and lower oxygen saturation than adult blood. Deoxygenated fetal blood in the umbilical artery (supplying the placenta) at 30 weeks gestational age is estimated to be 65% saturated, and oxygenated blood returning to the fetus in the umbilical vein is estimated to be 85% saturated [8] . This is much lower than adult saturations of 97 − 100%.
Model-fitting Routine
We develop a bespoke fitting routine for this data to improve model-fitting performance with two key features: ROI parameter initialisation In the presense of noisy data, non-linear models with several free parameters can be prone to fitting to local minima. We avoid this situation by making use of model-fitting results obtained from average ROI signal curves. This has the effect of boosting the signal-to-noise ratio, yielding robust ROI parameter estimates from the average signal curve which make reasonable starting estimates for fitting at the voxel-level within the ROI. We thus initialise our non-linear fitting routines with parameter estimates from larger placental and myometrial regions of interest.
Fitting of independent parameters Models often contain parameters which are dependent only weakly on some parts of the underlying data. A good example of this is in diffusion MRI where ADC measurements can be robustly obtained from high b-value mono-exponential data entirely separate from low b-value perfusion effects. This technique is a common approach for IVIM model-fitting and we make use of this constraint when fitting our data. We also make use of this technique when applying the standard IVIM model to both the myometrial and placenta data sets.
Myometrium Model-fitting The myometrium is maternal-perfused, highly-vascular, muscular tissue and is not expected to have a significant pooled-fluid compartment. Thus it is reasonable to assume that there are two-compartments representing an IVIM-like blood pool at high oxygen saturation and a dense tissue space of much lower T2 (Equation 1). Placenta Model-fitting We apply the DECIDE model to fit placental tissue (Eq. 2) with variables as defined above.
We apply the same fitting approach described as for the myometrium, modiying step 2 accordingly so that we may fit fetal blood relaxation r f b 2 . r mb 2 and r t 2 are held fixed at literature values of (240ms) −1 and (46ms) −1 respectively, whilst all other parameters are fitted.
Estimation of in utero fetal blood oxygen saturation Fitting an emperical curve to the data in [7] of the form a/(1+e −b(s−c) ) enables us to estimate oxygen saturation values for known T2. Fitted parameters for this curve, given fractional saturation s, are a=386ms, b=0.36, c=0.88. Thus we are able to find approximate saturation values for each known T2 blood pool ( Figure 5 ).
Results
DECIDE fitting of retro-placental myometrium and placenta One case was excluded from the control dataset due to motion artefact as the myometrium is very thin and therefore sensitive to motion. Figure 2 shows histograms of the voxel-by-voxel fit for the IVIM and DECIDE models of the myometrium in the four included control cases. Table 1 shows the mean and standard deviation for f , d * , d, T2 maternal blood and T2 myometrium using the IVIM and DECIDE fit. These values are plausible given that myometrium is very vascular in normal pregnancy [9] . Mean T2 of maternal blood was 202.17 ± 92.98ms, and mean T2 of myometrium 123.63 ± 6.71ms. Given that T2 blood was in keeping with the literature value of 240ms, the maternal blood T2 was fixed at 240ms for all subsequent placental DECIDE fits. Figure 3 shows histograms of the voxel-by-voxel fit for the placenta for the five control cases. Table 1 shows the mean (± standard deviation) for f , d * , d, and T2 fetal blood using the IVIM and DECIDE model fit. Mean T2 of fetal blood was 164.86 ± 26.66ms. Figure 4 shows histograms for the voxel-wise fit of all control and PI data for the myometrium and the placenta. Table 1 presents control and PI mean parameter estimates of f , d * , d, ν, and T2 relaxation times. Both the IVIM and DECIDE mean f for myometrium, representing maternal perfusion, is lower in PI compared to control cases. Placental d was lower in the PI compared to control placenta with both models. Placental IVIM f was lower in PI compared to control, whereas the DECIDE f was higher in PI compared to control . However, in the DECIDE fit ν was lower in PI compared to control, and the T2 of fetal blood was also lower in PI.
Comparing Control and Placental Insufficiency Myometrium and Placenta
Tab. 1. Mean (± standard deviation) values for the voxel wise fit of all included datasets (n=4 control, n=2 PI) for myometrial and placental IVIM and DECIDE. Estimating fetal blood saturation Figure 5 shows the combined control and PI histograms for estimated fetal blood saturation, based on voxel-wise fetal blood T2 fit. Mean control fetal blood saturation was 69.14 ± 20.12%, whereas mean PI fetal blood saturation was 46.36 ± 31.71%.
Discussion
This work investigates MR imaging of placental perfusion, and the potential to estimate fetal blood saturation non-invasively for the first time. The model divides the placental signal into three compartments, relating to maternal and fetal perfusion of the placenta and the placental tissue. This work extends this model by fitting T2 relaxation values for fetal and maternal blood alongside data from [7] to estimate blood saturation showing differences between pregnancies complicated by PI and controls.
Maternal blood T2 relaxation time was investigated within the retro-placental myometrium. This was chosen as it is a simplified model, only needing to fit two compartments. In addition, this is likely to be a relevant tissue in investigating placental function, as differences in spiral artery perfusion are known to be an important factor in developing PI. Both the IVIM and DECIDE model gave high value for f and d * , which is feasible given that the myometrium is highly vascular in normal pregnancy, providing low resistant, high volume perfusion to the placenta. The DECIDE model found a mean maternal blood T2 relaxation time of (202.17 ± 92.98ms), and a mean tissue T2 relaxation time of 123.63 ± 6.71ms. These relaxation times are consistent with those in the literature [9] .
In the placenta, the DECIDE model gave a lower f value than the IVIM model (0.218 DECIDE vs 0.260 IVIM). This was expected given that previous work in liver has shown addition of T2 to the IVIM model reduces the value of f [5] . There was a significant ν fraction in placenta, which is expected, given that it is thought to represent maternal placental perfusion. Fetal blood T2 was lower than the value attributed to adult blood in the literature (240ms), however given the dependence of T2 relaxation time on haematrocrit and saturation, which are known to be different in the fetus, it is a feasible value.
When comparing control and PI myometrial parameters, f was lower in PI compared to control cases. This is expected given the pathophysiology of PI, with minimal spiral artery remodelling, and therefore reduced placental perfusion. Fig. 4 . Combined voxel-wise parameter histograms for the control and PI data. The first two rows show the myometrial data for maternal blood and myometrium, using the IVIM model (row 1) and DECIDE model (row 2). The last two rows show the placenta data using the IVIM model (row 1) and DECIDE model (row 2).
When comparing control and PI placental parameters, f was reduced in PI compared to control placenta with the IVIM model, but not the DECIDE model. This is unexpected, given that histology has shown reduced feto-placental vascular density in PI. We hypothesise this may be due to f measuring flow, rather than volume, which may be increased within the vasoconstricted fetal vasculature. ν was reduced in PI compared to control cases, in keeping with the myometrial results. The T2 of fetal blood within the placenta is also reduced in PI compared to control cases, which related to a reduced fetal blood saturation in PI compared to control cases. The reduction in fetal blood saturation in PI is reasonable, given the poor placental function. What is particularly interesting is the histogram, showing a peak in PI at 10 − 20% saturation. The control data histogram shows little data with a saturation less than 50%. This suggests a greater degree of heterogeneity within the PI placenta, with areas of poorly oxygenated tissue, which may relate to areas of poor maternal perfusion.
In conclusion, we present an extension of the three compartment DECIDE model, with T2 blood and tissue fitting. We applied this to a cohort of control and PI myometrial and placental image data, and showed differences in parameters that may have potential to measure placental pathology. We then presented the use of fetal blood T2 relaxation values for estimating fetal blood saturation non-invasively for the first time in utero. 
